Synopsis Since all life processes depend on energy, the endocrine control of energy metabolism is one of the driving forces for the performance of an individual. Here, we review the literature on the key players in the endocrine regulation of energy homeostasis in insects, the adipokinetic hormones. These pleiotropic peptides not only control dynamic performance traits (flight, swimming, walking) but also regulatory performance traits (egg production, larval growth, and molting). Adipokinetic hormone is released into the hemolymph during intense muscular activity (flight) and also during apparently less energy-demanding locomotory activities, such as swimming and even walking, and, finally, activates the catabolic enzymes phosphorylase and/or triacylglycerol lipase that mobilize carbohydrates and/or lipids and proline, respectively. At the same time, anabolic processes such as the synthesis of protein, lipid, and glycogen are inhibited. Furthermore, adipokinetic hormones affect locomotory activity via neuromodulatory mechanisms that apparently employ biogenic amines. During oogenesis, it is thought that adipokinetic hormone performs similar tasks, because energetic substrates have to be mobilized and transported from the fat body to the ovaries in order to support oocyte growth. Inhibition of anabolic processes by exogenous adipokinetic hormone results in females that lay fewer and smaller eggs. Much less is known about the role of adipokinetic hormones during larval development and during molting but in this case energy homeostasis has to be tightly regulated as well: in general, during the early phase of a larval instar intake of food prevails and the energy stores of the fat body are established, whereas, prior to the molt, insects stop feeding and mobilize energy stores in the fat body, thereby fueling energy-demanding processes such as the formation of the new cuticle and the emergence from the old one. From the few data available to date, it is clear that adipokinetic hormones are involved in the regulation of these events in larvae.
Introduction
Although ''performance'' is not a term frequently used by entomologists, insects-as all other organisms-are subject to natural selection, which acts on traits that affect their performance. Any traits (morphological, physiological, behavioral) are subject to selection and, hence, are optimized in ways that ultimately enable successful reproduction. As Husak and co-workers define in their introductory paper, performance is a ''measure of a whole-organism's ability to accomplish an ecologically relevant task,'' and can be subdivided into dynamic and regulatory performance (Husak et al. 2009 ). It becomes immediately evident that mainly dynamic performance traits, but also regulatory ones are usually dependent upon the availability of energy substrates, which highlights the importance of the regulation of energy metabolism in animals in this context.
During strenuous physical exercise, when the energy demand is too high to be met by readily available energy-rich phosphates such as ATP, creatine phosphate (vertebrates) or arginine phosphate (insects), energy stores are mobilized. The best researched example in vertebrates is the classical ''flight or fight'' situation (Cannon 1927) , where the hormone adrenaline evokes rapid glycogenolysis and, in case of sustained exertion, glycogen breakdown, and lipolysis of fat reserves are activated by the hormone glucagon (Foa 1973) .
Similar events are prevalent in insects: when energy reserves have to be mobilized, hormonal activation of catabolic enzymes, such as lipases and phosphorylases causes the breakdown of lipid and 1 glycogen stores and, finally, leads to increased titers of lipids and carbohydrates in the hemolymph. The hormones, which accomplish this task in insects, are octopamine, the insect counterpart of adrenaline (Orchard et al. 1993 ) and the adipokinetic hormones.
The adipokinetic hormones comprise a large family of neuropeptides that are synthesized and stored in the corpora cardiaca, neurohemal organs that are located behind the insect brain and to which they are connected by nerves (Gäde et al. 1997) . Initially, these hormones were discovered as a hyperglycemic factor in the American cockroach Periplaneta americana (Steele 1961) and as a hyperlipemic factor in the desert locust Schistocerca gregaria (Mayer and Candy 1969) . Up to now, almost 50 peptides of this family have been fully identified from many of the major insect orders (Gäde 2009 ). Common structural characteristics of these C-terminally amidated octapeptides, nonapeptides, or decapeptides are a pyroglutamate residue at Position 1, an aromatic amino acid (phenylalanine or tyrosine) at Position 4, a tryptophan at Position 8 and, if a nonapeptide or decapeptide, a glycine at Position 9. Depending on the species, the neuropeptides from the corpora cardiaca act as hyperglycemic, hyperlipemic, or hyperprolinemic hormones (Gäde et al. 1997) . A crustacean color-change hormone, the red-pigment-concentrating hormone (Fernlund and Josefsson 1972) , also belongs to this peptide family; it is, however, not exclusively found in Crustacea but also in an hemipteran pentatomid insect . Due to the multiple actions of the members of this neuropeptide family, several generic names such as adipokinetic hormone (AKH), hyperglycemic hormone (HGH), hypertrehalosemic hormone (HTH, HrTH), hyperprolinemic hormone, and red-pigment-concentrating hormone (RPCH) are used. For the sake of clarity, we will stick to the most common designation, viz. adipokinetic hormone (AKH).
It is obvious that AKHs as regulators of energy metabolism play an important role during locomotory activity. This is, however, not the only aspect under which we have to discuss AKHs with respect to energy metabolism. We favor regarding AKH as a general regulator of homeostasis in insects; an aspect that, as yet, has been largely neglected and which implies that all processes that require huge amounts of energy (e.g., molting, egg production) are likely to depend on the hyperglycemic/hyperlipemic properties of AKHs. In addition to locomotory activity or other energy-demanding events, many other traits such as the synthesis of RNA, protein or lipid, the rate of heart beat, muscle tonus, and also antioxidant mechanisms, and the innate immune system, were shown to be directly or indirectly influenced by AKHs (for a recent review see Kodrík 2008) .
In the present review, we will focus our discussion on published and, to a minor extent, unpublished data on selected dynamic performance traits (flight, swimming, walking) and regulatory performance traits (egg production, larval growth, and molting) that are highly energy-demanding and are, thus, likely to be regulated by AKH.
Locomotion: flight
Flight is probably the most decisive factor for the success of insects during evolution that resulted in them being the first true terrestrial animal group that was able to radiate into all types of terrestrial environments. It is thus not surprising that insect flight muscles are, metabolically speaking, the most active tissue in nature; during flight, oxygen consumption can reach levels in excess of 100-fold higher than during rest (Bartholomew and Casey 1978) . This extreme demand for energy also culminated in the development of well-defined storage systems for metabolic fuels, especially in those groups capable of sustained flight.
Historically, locusts that fly well and migrate over long distances were central model organisms used to investigate the role of endocrines during flight activity. The initial use of carbohydrates as a fuel for flight (first 20 min of flight), then a later switch to lipids, and the regulation by the adipokinetic hormones Locmi-AKH-I, II, and III are well-established and the reader is referred to the relevant literature (Goldsworthy 1983; Van der Horst 2003) .
In the following section, we will discuss dynamic and regulatory performance in a beetle model system, viz. the fruit beetle Pachnoda sinuata, as well as the strategies of a number of heteropteran and homopteran Hemiptera, all of whom are capable of short (2-5 min) or longer (430 min) flights.
The proline (plus carbohydrate) user system in Pachnoda sinuata
The fruit beetle Pachnoda sinuata starts voluntary flight at a thoracic temperature of higher than 318C, and this elevated temperature is necessary for maintaining flight (Auerswald et al. 1998a) . Mostly, basking in the sun is preferred to reach this temperature but endothermic warm-up (the generation of heat by contracting the flight muscles without producing lift) also occurs, even though this process is associated with high energy costs.
Oxygen consumption during warm-up was calculated to reach $45% of that during flight, which, in turn, is about 100-fold above resting metabolism (Auerswald et al. 1998a ). The high energy demand is met exclusively by the partial oxidation of proline which was shown by measurement of the respiratory gases and calculation of the RQ value of 0.82 during warm-up (i.e., close to the expected value of 0.8 calculated for the partial oxidation of proline). In addition, the concentration of proline in the hemolymph decreased significantly during warm-up whereas no change in the concentration of lipids and carbohydrates was found. Moreover, proline concentration dropped from 55 to 35 mM, while there was no decrease in glycogen in the flight muscles (Auerswald et al. 1998a) .
In a number of detailed experiments, flight metabolism in P. sinuata was investigated during tethered flight with, and without, generation of lift (Zebe and Gäde 1993; Lopata and Gäde 1994; Auerswald et al. 1998b) . While beetles flew well for $5 min during generation of lift, they were able to perform much longer flights, usually up to 45 min (but almost 3 h was also achieved), when no lift was produced. Whereas the natural lift-generating method clearly showed the very high energy demand required for this intensive exercise, energy expenditure during flight at the flight mill without lift-generation is much lower. The overall qualitative pattern of use of flight substrate, however, is comparable during both treatments and the method without liftgeneration may have its merits because all changes are more protracted and, thus, easier to measure. With lift-generation, the major changes in substrate use occur in the first phase of 30 s but it takes $4-8 min in the flight muscles and up to 30 min in the hemolymph to record such changes without lift-generation. In either case, the first phase of flight is characterized by a steep decrease of proline in the hemolymph and flight muscles, an increase of total carbohydrates in the hemolymph and a rapid depletion of glycogen in the flight muscles. Hence, energy expenditure and flight performance are high. During this first phase, quantitative calculations during lift-generating flight of 10 s suggest that both proline and carbohydrates contribute equally to the energy expenditure of the flight muscles and that the contribution by the flight muscles is slightly higher (54%) than that of the hemolymph compartment (46%) (Auerswald et al. 1998b) . The second phase is characterized by a markedly lower flight performance, which, in turn, has a lower demand for fuel. During this time, proline re-synthesis from the partial endproduct, alanine, also takes place in the fat body. Thus, proline usage and production is matched and levels of proline in the hemolymph do not change much but carbohydrate levels fall. In the flight muscles both major flight fuels, proline, and glycogen, decline but at a much lower rate than during the first phase. The RQ value of 0.9 does not change during this phase and is also indicative that both substrates are contributing to the overall powering of flight muscles.
Similar, but less detailed, data on the usage of proline plus carbohydrate during flight are known for some other beetle species but it should also be mentioned that the tsetse fly Glossina morsitans (Bursell 1981) and certain species of onitine and scarabaeid beetles (Gäde 1997a (Gäde , 1997b have very low to undetectable amounts of glycogen or total carbohydrates stored in flight muscles or hemolymph, respectively, and utilize proline exclusively as flight fuel.
The role of an endogenous AKH, an octapeptide code-named Melme-AKH (Gäde et al. 1992 ) has been studied in great detail in P. sinuata. This peptide is able to activate phosphorylase (which breaks down the glycogen reserves and mobilizes trehalose) involving inositol-(1,4,5)-trisphosphate and Ca 2þ as second messengers Gäde 2001a, 2002) . Melme-AKH also activates triacylglycerol lipase (Auerswald et al. 2005 ) which produces acetyl-CoA units from fatty-acid breakdown. AcetylCoA is used in the synthesis of proline which in turn, has been shown to occur in the fat body Gäde 1999a, 1999b) . The second messengers cAMP and Ca 2þ are involved in this action Gäde 2000a, 2001b) . Obviously, two types of AKH-receptors have to be postulated on the fat body cell membrane for this model (see review by . Similar mechanisms are postulated to be active in the fat body of a related beetle, the protea beetle, Trichostetha fascicularis. In this species, a second AKH-type octapeptide has been found which was the first invertebrate neuropeptide known to be phosphorylated (Gäde et al. 2006a ).
There have also been experiments that subjected P. sinuata to a dual system of high energy demand, viz. flight and starvation (below, we will deal with starvation in larvae). When adult fruit beetles were starved for up to 30 days, their ability to fly was apparently not impaired at day 15 or day 30 (Auerswald and Gäde 2000b) . In the hemolymph the concentration of proline was only slightly decreased after 30 days of starvation, whereas the level of carbohydrates was very low already by 15 days of starvation; in tissues such as flight muscles and fat body no significant changes of proline were detected during the entire starvation period but glycogen in both tissues was almost exhausted. Thus, lift-generating flight of 3-6 min following 15 or 30 days of starvation was powered only by the exclusive oxidation of proline without any contribution of lipids and carbohydrates (Auerswald and Gäde 2000b) ; this is in stark contrast to the situation in fed adults in which carbohydrates significantly contribute toward meeting energy demands during flight (Auerswald et al. 1998b ), whereas it resembles the situation during preparation for flight (endothermic warm-up) in this species (Auerswald et al. 1998a) . No data on AKH titers during starvation are available but injection of the endogenous AKH after 15 days of starvation leads to an increase of proline in the hemolymph indicating that the endocrine system is responsive during this time; a hyperglycemic effect was not observed.
The lipid (plus carbohydrate) user system in Heteroptera
The order Heteroptera is a species-rich taxon and contains many members that are known for dispersal flights. Thus, it is not surprising that flight activity in one way or another has interested ecologists and physiologists alike. Here, we will report in a very condensed and generalized form on the usage of substrates during flight and their regulation by AKH peptides. It seems that all closely studied species of Heteroptera (the belostomatid genus of Lethocerus, certain triatomine bugs such as Rhodnius prolixus and Triatoma infestans and the coreid Holopterna alata) contain large amounts of lipids in the thorax; this may be in the form of lipid droplets in the flight muscles themselves or in the fat body closely associated with the flight muscles (Ashhurst and Luke 1968; Ward et al. 1982; Gäde et al. 2006b ). Reports on these and other species such as the pentatomid Nezara viridula, the thessaratomid Encosternum delegorguei, the lygaeid Oncopeltus fasciatus, the triatomine Panstrongylus megistus, as well as on the aquatic bugs belonging to the families Nepidae (Nepa cinerea), Naucoridae (Ilyocoris cimicoides), and Notonectidae (Notonecta glauca) confirm that the concentration of total lipids in the hemolymph is higher (and in a few cases extremely higher) than the concentration of total carbohydrates (Canavoso et al. 2003; Gäde et al. 2004 Gäde et al. , 2007a Gäde et al. , 2007b Lorenz et al. 2009; G. Gäde and H.G. Marco, unpublished results) . In most cases, where measured, glycogen stores in flight muscles/thorax and fat body/abdomen are low.
Flight experiments, either of long duration but without lift-generation and therefore energetically not so demanding (see above), or flights of short duration (up to 5 min) but with lift-generation, almost all led to the same conclusion: there is a small component of carbohydrates in the hemolymph and glycogen in flight muscles and fat body that contributes during the first phase of flight. The main fuel for flight however, especially important for sustained flight, are the stored triacylglycerides (in the flight muscles and fat body) as evidenced by the increase in diacylglycerides in the hemolymph (Canavoso et al. 2003; Gäde et al. 2004 Gäde et al. , 2007a Gäde et al. , 2007b Lorenz et al. 2009 ). In this respect, the situation is comparable to the well-known scheme proposed for various locust species (Goldsworthy 1983; Van der Horst 2003) .
These processes of substrate mobilization are regulated by adipokinetic peptides of which 11 are found in heteropteran species (Grybi-, Pyrap-, Schgr-, Nepci-, Letin-, Corpu-, and Anaim-AKH, Peram-CAH-I and II, Tenmo-HrTH and Panbo-RPCH; Gäde 2009 ). Injection of these peptides into the respective species always resulted in hyperlipemia but not in increase in the concentration of carbohydrates in the hemolymph. Triacylglyceride lipase in the fat body of Holopterna alata was activated by endogenous AKH (Gäde et al. 2006b ). Although there is no overt increase in the levels of carbohydrates in the hemolymph upon AKH injection (see above), glycogen phosphorylase in the fat body is activated after injection of Panbo-AKH into Nezara viridula (G. Gäde and H. Marco, unpublished results) , which is in agreement with the effect of endogenous AKH on phosphorylase in the fat body of the migratory locust (Gäde 1981) .
Formerly, the order Hemiptera was divided in two suborders, the Heteroptera and Homoptera. The latter is now thought to be paraphyletic and, consequently, Hemiptera now consists of five suborders of which the Heteroptera is still the largest. In the other suborders, only a few experiments on flight metabolism and regulation via AKHs is known, i.e., from the suborder Cicadomorpha which includes the cicadas (Cicadoidea) and also the spittle bugs (Cercopoidea). Short flights of the spittle bug Locris arithmetica seem to have the same metabolic pattern as described for most heteropteran species: there is a small contribution by carbohydrates while the majority of energy is apparently generated by lipid oxidation; two AKH peptides, Peram-CAH-I, and Pyrap-AKH, are responsible for the mobilization of substrates from the fat body (Gäde 2007) . The cicada Platypleura capensis, however, has a high concentration of carbohydrates in the hemolymph and flight muscles and these were diminished by 40 and 70%, respectively, when insects were flown to exhaustion in free flight of $7.7 min (Gäde and Janssens 1994) . That their metabolism is apparently carbohydratebased was corroborated by injection of endogenous corpora cardiaca (CC) extract into cicadas, which always resulted in hypertrehalosemia and never hyperlipemia. Two AKHs were isolated by HPLC from cicada CC but surprisingly with an identical primary sequence (code name of peptide: PlacaHrTH). It is still not clear what type of posttranslational modification has taken place. In other species of cicada the same two AKHs have also been found (see Gäde 2009 ).
Locomotion: swimming and walking
Compared with flight, other locomotory activities in insects, such as swimming or walking, are much less energy-demanding. One may, therefore, postulate that circulating carbohydrates can sufficiently fuel swimming or walking over short periods, and further that there would be no profound differences in carbohydrate or lipid titers in the hemolymph of insects subjected to swimming or walking, compared with metabolite titers at rest. This, however, is clearly not the case: in a few heteropteran species, Notonecta glauca, Ilyocoris cimicoides, and Nepa cinerea, an extended period of swimming was investigated and in each case it was corroborated that this form of locomotion was powered by oxidation of lipids (Gäde et al. , 2007a (Gäde et al. , 2007b . Notonecta glauca is very active and constantly swims around in captivity. When these bugs were subjected to 2 h of enforced rest, the hemolymph carbohydrates remained at constant levels but the lipid titers were much lower compared with those in swimming bugs , demonstrating that swimming is highly energy-demanding.
Even walking can cause measurable changes in hemolymph lipids. Two-spotted crickets, Gryllus bimaculatus, are nocturnal insects with high locomotory activity in the late afternoon and early night. In the morning and early afternoon they are far less active and slowly walk around, interspersed with considerable phases of inactivity. Although there are no real resting levels of hemolymph lipids or carbohydrates available, because enforced rest causes stress that leads to an increase in hemolymph lipids (Fig. 1B) , the hemolymph lipid and carbohydrate titers of isolated crickets in the morning are likely to be close to resting levels. When crickets were reared in groups, a higher locomotory activity was observed and hemolymph lipids were also higher than in the isolated crickets (Fig.1) . Even higher differences were observed when crickets with low physical activity (2 h after lights on) were compared to the much more active crickets from the early scotophase (2 h after lights off) (Fig. 2) . We suggest that an increased release of AKH during the scotophase is responsible for the higher locomotory activity and higher hemolymph lipid titers in active crickets. Direct evidence for this hypothesis comes from the heteropteran Pyrrhocoris apterus. These bugs display diurnal rhythms with higher locomotory activity during photophase than during scotophase. Circulating titers of AKH correlate positively with walking activity (Maxová et al. 2001; Kodrík et al. 2003) . Furthermore, injection or topical application of AKH led to increased locomotion (¼walking) (Socha et al. 1999; Kodrík et al. 2000 Kodrík et al. , 2002 , an Fig. 1 Locomotory activity (A) and hemolymph lipid titers (B) of 3-day-old female isolated (isol) and crowded (crow) crickets during early photophase (2 h after lights on; the light cycle was 16:8 h LD). Crickets were placed into an arena (16 Â 11 cm) which had three equidistant lines drawn on the ground, monitored for 10 min and the number of lines crossed by the cricket during that time counted. Either one (isol) or seven crickets (crow) were placed into the arena. Under crowded conditions, one of the crickets was color-marked and its locomotory activity recorded. Crickets for the measurement of locomotory activity and hemolymph lipid titers came from isolated or crowded rearing conditions. For the measurement of hemolymph lipids in isolated crickets subjected to enforced rest, a cricket was placed into a paper hull of a size that did not allow the animal to move. Before (bef) and after (aft) 2 h of enforced rest, hemolymph samples were drawn and lipids quantified by the sulphophosphovanillin method as described by . The statistical significance of the differences in locomotory activity (n ¼ 20) and hemolymph lipids in isolated and crowded females (n ¼ 10; Mann-Whitney U-test) and of hemolymph lipids in isolated females before and after an enforced rest (n ¼ 10; Wilcoxon signed rank test) is given above the bars.
effect that was confirmed in Gryllus bimaculatus ) and in the American cockroach, Periplaneta americana (Wicher et al. 2006a) .
Research on Drosophila melanogaster corroborated these findings: starving flies usually displayed increased locomotory activity (a behavior associated with the search for food) prior to death. In transgenic flies devoid of AKH-expressing neurons, the starvation-induced increase of locomotory activity was not observed (Lee and Park 2004) and such flies did not succumb as readily as did the wildtype (Isabel et al. 2005) . Furthermore, flies devoid of AKH had lower titers of trehalose, the main blood sugar of insects, in their hemolymph and were generally hypoactive (Lee and Park 2004; Isabel et al. 2005) . This confirms our suggestion that AKHs are regulators of insect homeostasis and shows that AKH is, directly or indirectly, involved in the regulation of locomotion.
Recently, the AKH-receptor of P. americana was identified (Hansen et al. 2006; Wicher et al. 2006a ) and shown to be expressed not only in the fat body but also in various neurons, including the abdominal dorsal unpaired medial (DUM) neurons, which release the biogenic amine octopamine (Wicher et al. 2006a) . Octopamine is well known for its role as an activating factor in the ''fight or flight'' response, similar to the adrenergic system in vertebrates (Roeder 2005) . For example, in D. melanogaster, mutants with reduced levels of octopamine had severely impaired locomotory behavior (Saraswati et al. 2004 ). Since it has been known for a long time that AKH increases the frequency of spontaneous activity of the DUM neurons (Birkenbeil 1971; Wicher et al. 1994 ) and may, therefore, influence the release of octopamine from these neurons, octopamine may be the link between elevated AKH-titers and increased locomotory activity. This possible mechanism has been confirmed in P. americana: AKH activates ion channels of the TRP (transient receptor potential) family in the DUM neurons and leads to an increased calcium current which, in turn, increases the frequency of the spontaneous activity in DUM neurons (Wicher et al. 2006b (Wicher et al. , 2006c . Although it has not been tested in this system, activated DUM neurons are very likely to release higher amounts of octopamine in vivo, which finally leads to increased locomotory activity.
Reproduction and development
It is clear that juvenile hormones and ecdysteroids, as well as the peptides that are responsible for the regulation of their synthesis or inhibition, are the key players involved in the hormonal regulation of insect development and reproduction. This has been the topic of numerous reviews (e.g., Gäde and Hoffmann 2005; Stay and Tobe 2007) and will not be dealt with in the present account. Here we want to discuss possible functions of AKHs in the context of the energetics associated with insect development and reproduction, a theme that has been largely neglected. In other words, we want to dwell on the topic of whether regulation of storage and mobilization of energy during these events are under the influence of AKHs. Hemolymph samples were taken from 3-and 4-day-old female crickets during early photophase (2 h after lights on; ph 3d, ph 4d) and from 3-day-old crickets during early scotophase (2 h after lights off; sc 3d) and hemolymph lipids measured (data from ). The light cycle was 16:8 h LD. For the measurement of hemolymph AKH, per sample 1000 ml of hemolymph were pooled from 30 to 40 crickets, defatted with isooctane, solid-phase-extracted on C18 Sep-Pak cartridges and purified by two consecutive HPLCruns on a ReproSil-Pur ODS-3 column (250 Â 3 mm; Dr. Maisch GmbH, Ammerbuch, Germany) using a linear gradient of 20-32% MeCN in water for 40 min at a flow rate of 300 ml/min. In the first HPLC-run, the solvents contained 20 mM sodium acetate (pH 7.2); in the second HPLC-run, 0.1% trifluoroacetic acid served as the ion-pairing reagent. A Jasco series 900 highpressure gradient HPLC-system, equipped with a 1520S fluorescence detector (Jasco, Großumstadt, Germany) was used. Peaks were quantified against synthetic Grybi-AKH standard (H-9230; Bachem, Weil am Rhein, Germany). Hemolymph lipid data (n ¼ 20) were tested by Kruskal-Wallis ANOVA followed by Tukey's post hoc test (at P50.05). Bars with the same letters are not significantly different. The statistical significance of the difference in AKH titers (n ¼ 5; Mann-Whitney U-test) is given above the bars.
Reproduction: oogenesis
Female insects often produce huge numbers of eggs that are rich in protein, lipid, and carbohydrate stores. In some insects, the water content of the eggs is quite high, e.g., ca. 85% in eggs of the tropical butterfly Bicyclus anynana (Karl et al. 2007 ) and ca. 70% in eggs of three ladybird species (Sloggett and Lorenz 2008) . In G. bimaculatus, eggs contain only about 55% water but the contents of lipid (21%), protein (15%), and carbohydrate (glycogen plus free carbohydrate; 2%) are rather high . Ecologists often consider female insects with respect to an energy allocation budget since energy invested into offspring is not available for the survival or general maintenance of the mother. The ability for long distance or even trivial flights in insects is often restricted to the pre-reproductive period (''oogenesis-flight syndrome'') (Johnson 1969) . Thereafter, the histolysis of flight muscles can contribute as fuel for oogenesis, consequently, at the cost of reduced mobility (Roff 1986 ). This classical trade-off is very prominent in many orthopteran insects, and has been studied intensively in crickets, in which wing-dimorphic species occur, as well as in species that histolyze their flight muscles after a pre-reproductive flight period (Zera and Denno 1997; Zera 2004) .
Irrespective of the mechanisms that have been developed in insects to fuel oogenesis in females (wing dimorphism, flight-muscle histolysis, complete maintenance of flight muscles), the energy allocated to reproduction is mainly provided by the fat body, which not only serves catabolic functions (release of highly energetic substrates) but is also the major organ of anabolic reactions (formation of energy stores) which are crucial for proper egg production. As ''insect glucagons,'' AKHs should not only stimulate catabolic reactions but also inhibit anabolic ones, such as the synthesis of proteins, lipids, and glycogen. The first evidence for this anabostatic function of the AKHs came from the observation that AKH inhibits protein synthesis in the fat body of the migratory locust, Locusta migratoria (Carlisle and Loughton 1979) . Later, it was shown that, in particular, the synthesis of egg yolk protein is inhibited by AKH (Moshitzky and Applebaum 1990; Glinka et al. 1995) , an effect that would interfere with the production of eggs. Moreover, AKH inhibits the synthesis of lipids (Gokuldas et al. 1988; Ziegler 1997; Lorenz 2001 ) and glycogen (B. Ibler et al., unpublished results) in the fat body of a number of species. Hence, in situations with high energy demand (e.g., dispersive flight prior to reproduction), the AKH that is released to mobilize energy reserves from the fat body simultaneously inhibits the formation of protein, lipid, or glycogen stores.
This scenario was simulated by repeated injections of AKH into young adult female G. bimaculatus from the day adults emerged (Day 0) until Day 3, a phase during which huge energy stores in the fat body and flight muscles are being established Anand 2004, Lorenz 2007) . At Day 4, the lipid and protein stores within the fat body were smaller in AKH-treated animals compared with controls. In addition, the ovaries of AKH-treated females contained smaller and fewer eggs compared with those of control females (Lorenz , 2004 , demonstrating that high hemolymph titers of AKH can interfere with reproduction.
However, it has to be noted that AKH must not be regarded as an ''inhibitor of reproduction''. Although there is no direct proof yet, we suggest that AKH plays a permissive role in reproductive events, because, as an activator of catabolic reactions, AKH is very likely one of the hormones that trigger the mobilization of energetic substrates that are incorporated into the growing oocytes. Since the formation of energy stores in the fat body coincides with oogenesis in G. bimaculatus (between Day 2 and Day 5 after emergence as adults) (Lorenz and Anand 2004) , it is assumed that endocrine regulation of anabolic and catabolic reactions has to be carefully orchestrated. We hypothesize that during phases of low physical activity (morning until early afternoon) with the associated relatively low titers of lipids and AKH in the hemolymph of crickets, mainly anabolic reactions are taking place. In the evening and early night, locomotory activity increases and lipid titers in the hemolymph rise. This is most likely due to an increased release of AKH, which, in turn, inhibits anabolic reactions and favors the release of energetic substrates from the fat body. These substrates are then available for flight activity or oogenesis. Some support for this hypothesis comes from the analysis of hemolymph samples taken from 3-day-old female G. bimaculatus 2 h after lights on (low physical activity) and 2 h after lights off (high physical activity); significantly higher AKH-titers are recorded in the hemolymph of the highly active animals (Fig. 2B) . We propose that repeated injections of AKH into young adult females disrupt these cyclic changes and, therefore, interfere with oogenesis.
The involvement of an AKH-like peptide in reproductive processes was recently demonstrated also in the nematode Caenorhabditis elegans, which exhibits a receptor that is structurally related to the vertebrate gonadotropin-releasing hormone receptors, viz. the Ce-GnRHR. When the expression of this receptor or of its ligand Ce-AKH/GnRH, an endogenous peptide belonging to the AKH-family, was blocked by RNA-interference, oviposition was reduced by ca. 60% to that of control animals (Lindemans et al. 2009 ).
Larval development
Larval stages generally serve to acquire energy reserves for the reproductive (adult) stage. In insects that do not feed as adults, the fat body stores that have been established during the larval stages exclusively provide the energy for maintenance of the adult form, flight, mating, and oviposition (Gilbert and Chino 1974; Arrese et al. 2001) . Insects that feed as adults do not have to completely rely on energy reserves carried over from the larval stages; however, starting into adult life with appreciable fat body stores will surely help to increase fitness. Since larval insects are not capable of flight, not much research on AKH functions in larvae has been carried out. It is clear though, that AKH mobilizes energy substrates from the larval fat body, although the response of larval fat bodies to AKH is much weaker and the release of carbohydrates seems to play a greater role in larvae than in adult insects (Gäde and Beenakkers 1977; Mwangi and Goldsworthy 1977; Van Marrewijk et al. 1984; Ziegler et al. 1990; Woodring et al. 2002) .
Molting is a highly energy-demanding event in an insect's life-history; in addition to the energy needed for disruption of, and emerging from, the old cuticle, a new cuticle has to be built towards the end of each larval stage. Furthermore, foregut and hindgut, tissues of ectodermal origin, are lined with cuticle and have to be shed. To accomplish this, insects have to empty their entire digestive tract. They stop feeding prior to molt and undergo the process of molting in a state of starvation. Furthermore, in some insects, feeding resumes several hours after the molt, which may reflect the time required to sclerotize the mouthparts and the cuticular structures within the gut and for accumulation of digestive enzymes in the crop prior to feeding . Hence, energy stores that have been built up in the fat body during the larval stage are partly, or even largely, depleted during the molt (Hill and Goldsworthy 1968; Walker et al. 1970; Nestel et al. 2003; Anand and Lorenz 2008) .
Last larval instars of G. bimaculatus display high feeding activity during the first half of the larval stage, which, in combination with high lipid synthesis in the fat body, leads to increasing fat body stores. Towards the end of the larval stage, feeding decreases and finally stops on the day before the molt. During the last day of the final larval stage, i.e., when the new cuticle is formed and ecdysis begins, the stores of the fat body are mobilized and about three quarters of the caloric equivalents acquired during the last larval stage are consumed. At this time, the basal activity of the enzyme that mobilizes lipid stores (triacylglycerol lipase) increases. AKH activates triacylglycerol lipase in larval crickets and, therefore, is likely to play a central role in the regulation of fat body dynamics during larval growth and molting (Anand and Lorenz 2008) . In stick insects (Carausius morosus), the titer of carbohydrates in the hemolymph significantly increases prior to the final molt and, simultaneously, the content of glycogen in the fat body decreases. However, an increase in the activity of fat body glycogen phosphorylase was observed only after the molt. The observed increase in carbohydrate concentration in the hemolymph could be attributed to a reduction of the hemolymph volume prior to the molt (Lohr and Gäde 1983) . Unfortunately, there is no direct proof of a regulation of enzymes, such as glycogen phosphorylase or triacylglycerol lipase, by AKH during the process of molting in any insect. This is partly due to the fact that the possible roles of AKH in larval insects have not attracted much attention until now. It is hoped that future studies in different insect orders will elucidate the physiological significance of these peptides in larval development.
Conclusions and future directions
It is quite clear that AKHs are pleiotropic peptides that play a pivotal role in countless aspects of insects' life-history. This is true for dynamic performance traits such as flight, where AKH ensures a high supply of energy, high oxidative capacity of the flight muscles, a fast heart rate, and probably also a general stimulation of the nervous system. It is also true for regulatory performance traits such as the regulation of blood sugar or lipid homeostasis, the physiological changes that occur when a larva grows and finally molts, when a female produces eggs, or when a male courts females or defends its territory. Since the most obvious function of AKH is the regulation of energy supply during intense flying, we know quite a lot about the physiological processes underlying the observed metabolic changes. Unfortunately, however, our knowledge of other regulatory traits of AKH is far from being complete and efforts have to be made to demonstrate that AKH has to be regarded as a hormone regulating the homeostasis of energy throughout an insect's lifeperhaps even during embryogenesis.
Some of the functions of AKH can be compared to the functions of glucagon (Goldsworthy 1994) , catecholamines (Gäde 2004) , or even corticosteroids in vertebrates. Functionally, AKH may be more related to glucagon whereas octopamine, structurally and functionally, is the insect counterpart of adrenaline. Since no insect equivalents of corticosteroids have been identified to date, one could suggest that AKH additionally performs some of the functions that are fulfilled by corticosteroids in vertebrates. Thus, AKH would partly act as a functional analogue of corticosteroids. At present, however, this is pure speculation.
The presence of insulin-like peptides (ILPs) has been known in a number of insects for a long time (see Wu and Brown 2006 for a review); however, direct functions of ILPs are mostly known from experiments employing one very specialized species, Drosophila melanogaster. Research on D. melanogaster proved the conserved insulin-signaling pathway and revealed striking functional similarities between insulin in insects and vertebrates (Brogiolo et al. 2001; Rulifson et al. 2002) . Strangely enough, these authors almost completely neglect to mention earlier attempts and results in this research area. The search for functions of insulin-like peptides in other insects, especially in large model species that are generally used for physiological experiments, such as locusts, crickets and cockroaches, could help to clarify whether insulin-like peptides act as AKH antagonists in insects.
The knowledge of situation-dependent titers of AKH in the hemolymph is of great importance because it is the only proof that observed physiological or behavioral reactions really arise from the release of AKH. One major drawback, however, is the lack of sensitive antibodies directed to AKH that could be used to measure AKH-titers in the hemolymph of single specimens. To date, antibodies against the AKHs of Schistocerca gregaria (Candy 2002) and Pyrrhocoris apterus (Goldsworthy et al. 2002; Kodrík et al. 2003) have been used to measure AKH in the hemolymph; in these cases intense purification or pooling of hemolymph samples was necessary before the measurement. Alternative methods are needed for the quantification of AKH in the hemolymph and mass spectrometry may be a viable tool in the future.
The generation of ''AKH-free'' specimens by genetically engineered ablation of AKH-producing cells is at present only feasible in model insects such as D. melanogaster. However, since the AKH genes of several insect species have been identified, it is now possible to knockdown AKH-production via RNA-interference in a number of species. Interestingly, D. melanogaster devoid of AKH (Lee and Park 2004; Isabel et al. 2005) or without functional AKH receptor (Grönke et al. 2007; Bharucha et al. 2008) showed no obvious signs of impaired development and gave rise to functional adults, which either speaks against an important role of AKH in development and reproduction, or against the idea that such important biological processes are under the control of a single class of endocrines. It seems more likely that a ''back-up system'' has co-evolved to ensure optimal physiological performance. On the other hand, although flies with impaired AKH signaling pathways were able to undergo ''normal'' larval development, the resulting adults showed signs of abnormal accumulations of lipids and carbohydrates in the fat body (Grönke et al. 2007; Bharucha et al. 2008) . Doubtlessly, insects AKHs are among the bestsuited examples to pinpoint the need of an integrative approach to whole-animal performance. Their regulatory roles in many aspects of an insect's life such as development, reproduction, locomotion, and behavior urges physiologists to call for input from various other disciplines. Thus, animal physiology, which has always been an interdisciplinary area of research, will serve as a fundament for the concept of whole-animal performance that provides the framework for such an integrative approach.
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